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Abstract:
The increased use of hybrid joints such as bonding composites to metals in aerospace, hull, civil and 
automotive structures in the past decades makes it essential to find methods to improve the performance 
of the joints. This study presents both experimental and numerical investigations into a novel dissimilar 
single-lap joint (SLJ) with interfacial stiffness improvement. The main objective of this research is to 
minimise the peak stress concentration by reinforcing the lower stiffness adherend’s interface through 
embedding discrete AL patches to increase the performance of the dissimilar single-lap joint with epoxy 
adhesive. Finite element models (FEA) were developed in Abaqus® software to analyse the effects of 
thickness and length of the patches, and the failure mechanism due to the reinforcement.  Dissimilar 
single lap joints with different configurations were fabricated and tested using single lap shear tests to 
validate the numerical analysis. Both the experimental and numerical results show that the strength of 
the reinforced joint is significantly enhanced by using the aluminium patches. 
Keywords: dissimilar single-lap joint, adhesive bonding, interfacial stiffness, FEA  
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1. Introduction
Adhesive bonding is now widely used in multi-material structures due to its advantages over traditional 
fasteners such as easy manufacturing, more uniform stress distribution and the possibility of joining 
dissimilar adherends [1]. In the aerospace [2] and the automotive [3] industries, adhesive joints are used 
to joint several materials that may have different stiffness and strengths. For example, a dissimilar single 
lap joint (SLJ) connects two different adherends with different mechanical properties, which in practice 
results in a more complex fracture mechanism and asymmetric stress distribution [4]. Several methods 
have been suggested by researchers [5]–[7] to optimise the performance of adhesively single lap joints 
(SLJs). These methods can be categorised into two major groups, i.e., based on material and geometrical 
modifications. Material modification aims to optimise the stiffness of the adherends/adhesives and 
geometrical modification attempts to change the shape of the adherends/adhesives.
Sawa et al. [8] demonstrated a method for analysing the stress distribution in SLJs of dissimilar 
adherends (aluminium (AL)/mild steel) under tensile loads. Moreover, they also numerically studied 
the effects of Young’s modulus, thickness and length ratios between the adherends, and the ratio of the 
adhesive thickness to the adherends on the stress distributions. Their results show that the stress 
singularity increases at the free edge of the interface in the adherend with lower stiffness. Vinson [9] 
found that increasing the flexural and extensional stiffness of the adherends could minimise the 
maximum peel and shear stresses at the overlap edges. Reis et al. [4] used three different adherends 
(laminated composite, high elastic limit steel, and the 6082-T6 aluminium alloy) to study the effect of 
adherends’ stiffness on the shear strength of single-lap adhesive joints. Their research concludes that 
the effect of the over-lap length on the shear strength depends on the stiffness of the adherends. 
Ruadwska [10] analysed the tensile strength of bonded joints of similar and dissimilar material by 
considering both experimental and cohesive zone model (CZM) approaches for fracture predictions. 
Pinto et al. [11] evaluated the tensile strength of SLJs of similar and dissimilar adherends bonded with 
an acrylic adhesive by using CZM simulations. Their numerical results demonstrate that an increase of 
adherends’ stiffness will reduce bending of joints, which leads to a lower stress concentration at the 
edges, and, consequently, improves the strength of the joints. 
Z-axis penetrative reinforcement is a new and commonly used [12]–[19] hybrid joining approach that 
shows an improvement of joint strength. Isalm et al. [15] investigated the effects of through-thickness 
pinning reinforcement on the strength and the damage tolerance of hybrid steel–composite SLJs. The 
results showed that the SLJs with reinforcement pins experienced an increase in the joint strength up to 
58% depending on the number and location of the pins. Rezvaninasab et al. [16] utilised pins and wires 
as reinforcing elements to improve the strength of SLJs under tensile and bending loading conditions. 
Matsuzaki et al. [17] used a bolted co-cured hybrid joining approach to improve the strength of glass 
fibre reinforced polymer (GRP)/aluminium co-cured lap joints. Their experimental results show that 
the bolted/co-cured hybrid joints have 1.84 times higher maximum shear strength in comparison with 
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that of only co-cured hybrid joints. In another work, Matsuzaki et al. [18] used inter-adherend (IA) fibre 
that penetrated the composite and holes in the metal adherend to reinforce polymer co-cured composites. 
They concluded that the IA fibre performed as a bridge between the AL and the composite adherend, 
which efficiently arrested crack propagation. Because of this, the joint strength increased significantly 
compared to the SLJs without IA fibres. Fawcett et al. [19] conducted research in using cold worked 
penetrative reinforcements to enhance joining between AL and GRP. Their static tensile test results 
indicate that the new reinforcement method enhances the maximum failure load and the displacement 
before failure. 
Another hybrid joining method showing positive results is the use of multi-layers’ reinforcement, which 
relies on the local reinforcement of the composite laminate with high-strength metal layers. Santos et 
al. [20] investigated the advantage of strengthening carbon fibre reinforced polymers (CFRP) with metal 
laminate by using adhesive layers in the interfaces between titanium and composite with different lay-
up configurations. Morgado et al. [21] analysed the influence of using metal laminates as the 
reinforcement in SLJs under tensile and impact loading conditions. Their study showed that the 
reinforcement method could increase the joint strength, energy absorption, and eliminate delamination 
between composite layers. Camanho et al. [22] introduced a novel metallic insert with tapered ends to 
increase the efficiency of bolted composite single-lap joints. The experimental results show that the 
metallic insert provides new pathways for load transfer, which leads to higher maximum load and joint 
efficiency. 
Single-lap joints (SLJ) are utilised in many engineering applications due to their lower cost and 
simplicity. However, they are few works available in the literature that focus on the optimisation of 
dissimilar SLJs for improving performance. The main objective of this research is to improve the 
performance of dissimilar single-lap joints between aluminium (AL) and Polyphthalamide (PPA). In 
order to do this, a novel design is introduced for dissimilar SLJs by reinforcing the interface of the lower 
stiffness adherend (PPA) using AL patches of different dimensions. First, numerical analyses are carried 
out to assess the effect of dimensions (thickness and length) of the AL patches on the performance of 
the joints. Then, the strength and failure mechanism of the dissimilar SLJs are discussed. Finally, 




2.1 Material selection 
In this study, the adherends are cut from aluminium alloy 6082 T6 bar and Polyphthalamide (PPA) 
plates. The PPA is commercially called Grivory HTV-5H1 black 9205, a reinforced engineering 
thermoplastic made of 50% glass fibre, based on a semi-crystalline, partially-aromatic polyamide. In 
addition, the epoxy adhesive used for this work was Loctite EA 9497, a two-component material of 
medium viscosity which cures at room temperature. The material properties of the adherends and 
adhesives were characterised through tensile tests based on ISO EN 485-2:2004 standard for adherends 
and ISO 527-2 for brittle adhesive from our previous work (Table 1). The metal reinforcement patches 
are made of aluminium, which is provided in plate form with various thickness. 







Young Modulus (MPa) 70770 ± 380 0017620 ± 6 7705.35 ± 468
Yield Stress (MPa) 254.59 ± 3.20 241.33 ± 10.4 46.29 ± 3.13
Elongation at fracture (%) 10.83 ± 0.95 1.71 ± 0.04 0.71 ± 0.09
Poisson Ratio 0.30 ± 0.01 0.32 ± 0.04 0.29𝑎
Density (tonne/m^3) 2.7𝑎 1.65𝑎 1.1𝑎
a Manufacturer data
2.2 Joint configuration, fabrication and testing
In this study, two types of single-lap joints are manufactured (Figure 1), which are the un-modified joint 
(type-0), and the joint with two aluminium patches on the PPA’s interface along the bonding area (type-
1). The conventional single-lap joint (type-0) is used as a benchmark design.
Type 1 specimens are categorised into two groups to analyse the effects of dimensions of the patches. 
In category A, the thickness of the patches varies with a constant length. In category B, the length of 
the patches varies with a constant thickness.
All SLJs are made with the same value of grip-grip separation points , the thickness of  (Lt = 125 mm)
the adherend , the thickness of the adhesive , the width of the adherend (ts = 3 mm) (tA = 0.2 mm)
and the overlap length of bonding The thickness of the adhesive used (w = 25 mm)  (LAD = 25 mm). 
in the bond-line (E-F and G-H) between the AL patches and the PPA is . Tabs with a tA1 = 0.2 mm
dimension of  are bonded at the end of the joints to secure correct alignment in the testing 𝐿𝑇𝐴𝐵 = 25 𝑚𝑚
machine.
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Figure 1: Dimensions and geometry of unmodified and modified dissimilar SLJs
The manufacturing process begins by cutting the aluminium and the PPA plates into the desired 
dimension . The CNC machine is used to create rebates at the bonding area of the PPA  (L = 100 mm)
adherend based on their design categories (Table 2) to provide space for the AL patches (Figure 2). In 
category A (Model I-IV), the length of the patches are fixed (  and  = 5 mm) and the thickness of  LEF LGH
the AL patches ( changes. The thickness of the rebates is equal to the thickness of the AL patches tpatch) 
plus the thickness of the adhesive ( . In category B (Model-II and Model V-VII), trebate = tpatch + tA1)
the length of the AL patches (  and changes, whilst the thickness of the AL patches is fixed by 𝐿𝐸𝐹 𝐿𝐺𝐻) 
selecting the optimal thickness from category A based on the stress analysis results.  
Table 2: The configuration of the SLJ with various AL patches thickness on the bonding surface
Category ID Type  (mm)𝐭𝐩𝐚𝐭𝐜𝐡  and  𝐋𝐄𝐅 𝐋𝐆𝐇
(mm)
-- Model-0 0 -- --
Model-I 1 0.2 5
Model-II 1 0.4 5
Model-III 1 0.6 5
A
Model-IV 1 0.8 5 
Model-II 1 0.4 5
Model-V 1 0.4 7.5
Model-VI 1 0.4 10
B
Model-VII 1 0.4 12.5
The same surface treatment is carried out for all SLJs to increase the bonding strength. Firstly, the 
bonding surfaces are prepared with grit blasting (Guyson Grade 12-Metallic Blast Media, corresponded 
to particles size of 150-250 microns) and then cleaned with compressed air to remove any extra dust 
created during the blasting process, before being subsequently cleaned with Acetone and Loctite SF 
706. The curing process is carried out at room temperature in two steps. First, the AL patches are bonded 
to the PPA interface by applying pressure with spring clamps for 24 hours (Figure 2-3). Then, the 
aluminium adherend is bonded to the modified PPA by using the same method and left at the room 
temperature for seven days to reach fully cured strength. Wire spacers, with a diameter of 0.2 mm, are 
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used to control the bond-line thickness, and the excess adhesives are removed at the overlap edges to 
provide identical conditions for all specimens.
Figure 2: The manufacturing process of the modified SLJ with AL patches
Figure 3: The PPA adherends with AL patches, top view of (a) Model-II, (b) Model-V, (c) Model-VI and (d) Model-VII and 
(e) the front view of the Model-II
All specimens are tested under tensile loading on an Instron 3380 series machine with 100 kN load cell 
at the room temperature. The loading rate is controlled by a displacement of 0.5 mm/min. A high-
resolution camera is used to observe the failure process of the joints (Figure 4). 
Figure 4: Modified single-lap joint with AL patches
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3. Finite element model
Two-dimensional (2D) nonlinear numerical models of the modified and unmodified single-lap joints 
are developed in Abaqus® for the analyses of stress distribution, failure mechanism and joint strength. 
2D (plane strain) model provides a reasonable simplification of the 3D model for the bonded joint [24]. 
The first aim of the finite element analysis (FEA) is to obtain the optimum dimensions (thickness and 
length) of the AL patches along the bond-line for dissimilar single-lap joints. 
The explicit nonlinear analyses are used to simulate the fast crack growth along the bond-line for the 
epoxy adhesive. Two different cases are analysed. Case-1 utilises a CZM to predict the strength of the 
joint and Case-2 is used only for stress analysis along the bond-line without considering damage (CZM 
properties) to find the ideal size of the AL patches. 
Figure 5: Case-1 mesh details of modified (Model-I) SLJ 
In Case-1, both adherends are meshed with plane-strain elements (CPE4R in ABAQUS) by using the 
single-bias method in the thickness direction with a minimum and maximum element size of 0.2 mm 
and 0.8 mm, respectively. Mesh size of 0.2 mm along the length is chosen for the over-lap area 
according to the convergence study, and the single-bias effect is used in other parts of the adherends 
with a minimum element size of 0.2 mm and a maximum element size of 2 mm to reduce computation 
time. In addition, the AL patches are meshed with 4-noded plane-strain elements of .  0.2 mm × 0.2 mm
The bulk material properties from Table 1 are utilised for the adherends and the AL patches. 
The adhesive sections (A-D, E-F and G-H) are modelled with one layer of CZM elements (COH2D4) 
with a thickness of 0.2 mm (Figure 5). The CZM elements specify the interface properties between the 
adherend and the adhesive, which include elasticity, plasticity and susceptibility to damage. 
Table 3: CZM parameters for Loctite EA 9497 [23]
Property Loctite EA 9497
  (N/mm)𝐺𝐼𝑐 0.26 ± 0.06
 (N/mm)𝐺𝐼𝐼𝑐 0.90 ± 0.38
 (MPa)𝑡𝑛 25.35 ± 10.26
(MPa)𝑡𝑠 16 ± 5
Table 3 presents the CZM parameters obtained in previous research from single-mode coupon tests. 
The nominal traction stress consists of two components, i.e.,  in normal (  and shear  directions, 𝑡𝑛) (𝑡𝑠)
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that allows simulating damage initiation in the bond-line. The  are fracture energy and GIC and GIIC
represent the areas under the traction separation law graphs in the normal and shear directions, 
respectively [25]. 
Figure 6: Case-2 mesh details of modified (Model-I) SLJ
As shown in Figure 6, a refined mesh is utilised for Case-2 to capture a more detailed stress gradient at 
the overlap edges [26]. The adhesive sections are meshed with plane strain element (CPE4R) with a 
thickness of 0.02 mm along the length and through-thickness. The adherends are meshed with 0.02 mm 
along the bond-line, and a single-bias method is used in other parts of adherends with minimum and 
maximum elements size of 0.02 and 0.2 mm, respectively. 
4. Results and Discussion 
4.1 Stress analysis
This section aims to find the effects of the length and thickness of the AL patches, located in the bonding 
area, on the stress distributions of the dissimilar single-lap joints (SLJs). This is carried out by utilising 
the FE model in Abaqus® software to simulate a set of SLJs (shown in Table 2) with various AL patches 
configurations to find the optimum one. The main objective of the proposed design is to reduce stress 
concentration at the overlap edges, caused by asymmetric stress distribution in the dissimilar SLJs. This 
can be more beneficial for epoxy adhesive, compared with the flexible and ductile adhesives, as the 
bond-line edges play a significant role in carrying the external load [27]. Thereby, the epoxy adhesive 
is selected for this study. 
The conventional SLJ (Model-0) is used in this section as a reference model for comparisons. All the 
figures show elastic stresses in the middle of the adhesive layer when the applied axial displacement is 
0.01 mm. Peel and shear stresses are normalised (  and , respectively) by the average 𝜎𝑦 𝜏𝑎𝑣𝑔 𝜏𝑥𝑦 𝜏𝑎𝑣𝑔
value of the shear stress  along the bond-line for each design. The position along the bond-line(τavg)  (𝑥) 
is also normalised by the total overlap length ( . The overlap length is divided into three sections 𝐿𝐴𝐷)
based on the trend of the stress distribution. Section I and Section III represent the peak stress 
concentration zones at the free edges of the aluminium and the PPA, respectively, and Section II shows 
stress at the overlapping inner region. 
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4.1.1 The effect of the AL patch thickness 
Four different models (Model-I, Model-II, Model-III and Model-IV) are used to study the effect of the 
thickness of AL patches by keeping the length (  and  = 5 mm) constant and varying thickness (LEF LGH
0.2 mm, 0.4 mm, 0.6 mm and 0.8 mm). tpatch =  
As it is clear from Figure 7, both the peel and shear stresses are more uniform at the mid-section (Section 
II) of the adhesive with higher peak stresses at the edges (Section I and III), which are caused, 
respectively, by the rotation of the adherends [28] and the material discontinuity of the adherends at the 
free edges [29]. Moreover, the asymmetric stress distribution is evident, which is due to the stiffness 
mismatch of the adherands.
The conventional dissimilar SLJ without any modification (model-0) has a higher peak value of  τxy/
 in Section III (10.8) compared with the value in Section I (4.88). This suggests that in a dissimilar τavg
joint, the adherend with lower stiffness is more influential to the strength of the entire joint [4]. On the 
other hand, the  shows lower peak values in Section-III due to increased longitudinal σy/τavg
deformation of the PPA adherend [11]. 
Figure 7: The comparison of normalised shear  peel stresses along the adhesive mid-thickness (A-D) 𝜏𝑥𝑦 𝜎𝑦 
In Section III, the peak value of   at the edges of the SLJs with AL patches (Model-I, Model-II, τxy/τavg
Model-III and Model-IV) are significantly lower than that of the unmodified SLJ (Model-0). This can 
be explained by the improved local interface stiffness in the PPA adherend with AL patches, which 
leads to higher global rigidity of the joint. 
Table 4 shows the percentage difference of stresses at two edges with respect to Section-I. The 
difference between the peak value of the  reduces significantly in the modified SLJs in τxy/τavg
comparison to the conventional dissimilar SLJ. Model-II ( =0.4) has the least difference between tpatch
the peak  values (5.49%) at both edges among all other models, which results in a more τxy/τavg
symmetrical distribution of the shear stress.  
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The peak value of the  is significantly lower in Section III of the modified SLJs than that of the σy/τavg
unmodified SLJ. The peak  is only slightly lower in Section I. This leads to a higher difference σy/τavg
between the peak  values at both edges (Section I and III) for the modified dissimilar SLJs in σy/τavg
comparison to the unmodified dissimilar SLJ. 
The difference between peak  at Sections I and III decreases from 121.72% in Model-0 to τxy/τavg
38.72% in Model-I, while the difference of the peak values at both edges increase from 32.36%  σy/τavg 
in Model-0 to 41.54% in Model-I. It can be concluded that the reduction of the unsymmetrical shear 
stress distribution of the dissimilar single lap joint leads to the more significant unsymmetrical 
behaviour of the peel stress. 
By increasing the thickness of the AL patches from 0.4 mm (Model-II) to 0.8 mm (Model-IV), the 
difference of the peak values increases gradually from 5.49 % in Model-II to 15.23% in Model- τxy/τavg 
IV, while the difference of the peak  at both edges reduces slightly from 49.47% in Model-II to  σy/τavg
48.54% in Model-IV. This suggests that the proposed design has a more significant effect on the shear 
stress distribution than on the peel stress for the joints with thicker patches. 
Table 4: The maximum and at the corners of the bond-line (A-D)𝜏𝑥𝑦/𝜏𝑎𝑣𝑔 𝜎𝑦 𝜏𝑎𝑣𝑔 
Section-I Section III Section-I Section-III
ID 𝛕𝐱𝐲 𝛕𝐚𝐯𝐠 𝛕𝐱𝐲 𝛕𝐚𝐯𝐠 Difference
(%)
𝛔𝐲 𝛕𝐚𝐯𝐠 𝛔𝐲 𝛕𝐚𝐯𝐠 Difference 
(%)
Model-0 4.88 10.82 121.72 10.76 7.25 32.36
Model-I 5.63 7.81 38.72 10.23 5.98 41.54
Model-II 6.19 6.53 5.49 10.45 5.29 49.37
Model-III 6.52 5.99 8.12 10.06 5.15 48.80
Model-IV 6.63 5.62 15.23 9.99 5.14 48.54
In the mid-section of the bond-line, Model-0 has the smoothest normalised peel and shear stress 
distributions, while the peak values of   and increase gradually with the increase of the τxy/τavg σy τavg 
thickness of the AL patches. The comparisons of Model-0 and Model-IV show that the peak values of 
the stresses at Section-II increase from -0.07 in Model-0 to -1.0 in Model-IV for and from 0.48 σy τavg 
in Model-0 to 1.42 in Model-IV for , respectively. This can be justified by the sudden change  τxy τavg
in the stiffness of the bonding interface of the PPA adherends. 
Figure 8 shows the stress plots at the mid-section of the adhesive layers (E-F and G-H) for various 
thickness of the AL patches. Break lines are used in the X-direction (over-lap) to provide a better 
comparison. In Model-IV, the peak values at the outer edge (E) of the adhesive layer (E-F) at τxy/τavg 
Section-I is almost doubled in comparison to that of Model-I, while in contrast the peak  value τxy/τavg
remains unchanged at the outer edge (H) of the adhesive layer (G-H) at Section-III. However, the peak 
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 values increase significantly in both inner edges (F and G) of the bond-lines EF and GH when τxy/τavg
the thickness of the AL patches increase from 0.2 mm (Model-I) to 0.8 mm (Model-IV). 
The peak value of the  does not change noticeably at both edges when the thickness of the AL σy τavg
patches increases from 0.2 mm (Model-I) to 0.6 mm (Model-III). On the other hand, Model-IV 
experiences a slight increase in the peak  by 12.5% at Section-I and 15.75% at Section-III, σy τavg
respectively, in comparison to Model-III.
Figure 8: The normalised (a) shear and (b) peel stress plots at the mid-section of the adhesive layer (E-F and G-H) 
It can be concluded that the AL patch with a thickness of 0.4 mm (Model-II) provides more symmetric 
shear stress distribution along bond-line (A-D) in comparison to other models. In addition, the peak 
value of the stresses at the adhesive layer of EF and GH in Model-II is lower than that in Model-III and 
Model-IV. Therefore, a thickness of 0.4 is selected as the best thickness of the AL patches. 
4.1.2 The effect of the length of the AL patch 
Four different models (Model-II, Model-V, Model-VI and Model-VII) are used to study the effect of 
the length of AL patches by keeping the thickness ( 0.4 mm) constant and varying the length of tpatch =  
patches (  and  = 5 mm, 7.5 mm, 10 mm and 12.5 mm).LEF LGH
Figure 9 shows the comparison of the normalised shear ( and peel stresses τxy/τavg) (σy τavg) 
distributions for various lengths of the AL patches. It is clear that changing the length of the AL patch 
does not change the peak stress values at the bond-line (A-D) edges. In Section-II, Model-VII has the 
smoothest peel and shear stress distributions in comparison to other modified models, as the AL patch 
covers the full length of the overlap and there is not any sudden change in the interface stiffness of the 
adherend along the bond-line (A-D). 
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Figure 9: The comparison of the normalised shear and peel stresses at the adhesive mid-thickness (A-D) 𝜏𝑥𝑦 𝜎𝑦 
Figure 10 shows the stress plots at the mid-section of the adhesives layers (E-F and G-H) with the 
different length of the AL patches. In Sections-I and III, it is clear that the peak stresses at the edges 
increase with the increase of the length of the patches. 
The comparison of Model-II and Model-VII shows that the peak value of the increases at τxy τavg 
Section-I from 2.48 in Model-II to 4.20 in Model-VII, which represents an increase of 69.35 %. The 
same trend is observed at Section-III with a 71.66% increase in the peak value of  Model-VII  τxy τavg 
in comparison to Model-II. This can be justified by the increasing effect of the bending moment due to 
the longer patches, which results in higher stress concentration at the edges. The peak value of σy τavg 
follows the same tendency and increases in Model-IV by 63.33 % and 61.72 % at Section-I and Section-
III, respectively in comparison to Model-II. 
Figure 10: the normalised (a) shear and (b) peel stress plots at the mid-section of the adhesive layer (E-F and G-H) 
It can be concluded that embedding discrete AL patches can significantly decrease peak peel and shear 
stresses at the bond-line. Model-II has the best configuration by providing lower stress concentration at 
the over-lap edges for all layers of the adhesives (A-D, E-F and G-H).
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4.2 Joint Strength
In this section, the effect of thickness and length of the AL patches on the strength of the dissimilar 
SLJs are studied experimentally and numerically. The average joint strength (failure load over the 
bonding areas) is obtained experimentally from four specimen tests, and the numerically predicted 
strength is obtained using the CZM method. Figure 11 presents the comparisons between the 
experimental and numerical strength of different configurations of the SLJs (Shown in Table 2). 
As seen in Figure 11, there is a good agreement on the average joint strength between the numerical 
and experimental results. The average joint strength of the dissimilar SLJs increases significantly by 
adding AL patches to the bond-line. The joint strength increases from 3.86 MPa in Model-0 to 7.25 
MPa in Model-I, which corresponds to an 87.82% improvement. This can be explained by the increase 
of overall stiffness of the novel dissimilar SLJs, which leads to smaller bending moment and stress 
concentration, as previously discussed in Section 4.1.1.
By increasing the thickness of the AL patches from 0.2 mm to 0.4 mm, the tested joint strength increases 
by only 0.96% to 7.32 MPa for Model-II in comparison to Model-I. On the other hand, the numerically 
predicted strength of Model-II is 7.73 MPa, which is 8.11% higher when compared to Model-I (7.15 
MPa). The slightly higher joint strength from the numerical model in comparison to the experimental 
result can be justified by the significant stress improvement at the edges of the bond-line (A-D) for 
Model-II in comparison to Model-I. 
The tested joint strength decreases significantly by 12.43% to 6.41 MPa when the AL patch thickness 
increases from 0.4 mm (Model-II) to 0.6 mm (Model-III), as it was expected from the stress analysis 
results. The numerical results for Model-III follows the same trend with a slightly lower reduction in 
joint strength (6.63%) compared to Model-II. 
The joint strength from the numerical simulation shows further reduction by increasing the thickness of 
the AL patches to 0.8 mm (Model-IV). This reflects the findings in Section 4.1.1, where a higher stress 
concentration at the edges of the adhesive layers (E-F and G-H) are obtained for Model-III and Model-
IV due to thicker rebates. This suggests that increasing the thickness of the AL patches to achieve a 
higher failure load for the proposed dissimilar bonded joint is only effective within a limited range. 
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Figure 11: Comparison between the experimental and numerical strengths of the various dissimilar joints
Model-II, Model-V, Model-VI and Model-VII in category B, which have the same thickness ( = tpatch
0.4 mm), are compared with each other to analyse the effect of the length of the AL patches. The 
experimental results show that by increasing the length of the AL patches from 5 mm (Model-II) to 7.5 
mm (Mode-V), the average joint strength decreases considerably from 7.32 MPa in Model-II to 6.18 
MPa in Model-V, which corresponds to a 15.57% reduction. The same trend is followed by the 
numerical results with a smaller reduction (6.1%) of the joint strength. This can be justified by the 
higher value of the peel and shear stresses at the edges for longer AL patches (shown in Section 4.1.2), 
adversely affecting the epoxy adhesive layers (E-F and G-H), which is sensitive to the peak stresses at 
the edges. 
Although the numerical results predicted a further reduction of the joint strength by 7.75% when the 
length of the AL patches increases from 7.5 mm (Model-V) to 10 mm (Model-VI), the experimental 
results do not show a noticeable difference in the joint strength. However, when the AL patch covers 
the total length of the bond-line in Model-VII, the average joint strength is decreased by 43.57% 
experimentally and 43.33% numerically when compared to model-II. The joint strength of Model-VII 
is higher only by 7.43% compared to the conventional dissimilar SLJ (Model-0). This suggests that the 
worst performance of the proposed dissimilar bonded joint occurs when the AL patches are replaced by 
a single one across the length of the overlap.  
It can be concluded from the experimental results that the proposed novel design can enhance the 
strength of the dissimilar SLJ as much as 90.67% (Model-II). This novel design for dissimilar SLJ has 
superior advantages over available designs in the literature such as notches (38.33% improvement in 
Ref [30]), spew fillet (36.3% improvement [31]), bi-adhesive (41% and 50% improvement in Ref [30] 
and [32], respectively) and surface treatment (Improvement of 46.87% in Ref [33], 35% in Ref [34] and 
32% in Ref [35]). 
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4.3 Damage variable analysis
This section presents the overall scalar stiffness degradation (SDEG) [36] of the CZM elements along 
the bond-lines (A-D, E-F and G-H) to understand the failure process of the proposed dissimilar SLJs. 
The damage variable (SDEG) varies between 0 (undamaged) and 1 (fully damaged). Figures 12 and 13 
show the SDEG plots for various lengths and thicknesses of the AL patches under maximum failure 
load. 
As can be seen from Figure 12(a), the SDEG plot shows asymmetric behaviour for Model-0 with a 
larger area of the bond-line (A-D) under damage toward the PPA side (22.32%) compared to the AL 
side (13.30%). This can be explained by the differences in the stiffness of the adherends, which leads 
to a higher stress concentration toward the lower stiffness adherend (PPA). Moreover, the phenomenon 
suggests that cracks are initiated at the PPA side due to the sensitivity of the epoxy adhesive to the high 
peak stresses at the edges. 
The total area of damage along the over-lap length (A-D) increases from 35.62% in Model-0 to 40.69% 
in Model-I (Figure 12(a)). The damage shifted slightly from the right corner (D) to the inner section (C) 
of the bond-line (A-D) with a slightly smaller value of the SDEG compared to the bond-line (G-H) 
(Figure 12(b)). The unsymmetrical stiffness degradation is also observed in the bond-lines (E-F and G-
H), with higher SDEG value and the larger area of the overlap under damage in bond-line (G-H) 
compared to bond-line (E-F). This suggests that in the modified SLJs, the crack is initiated at the bond-
line (G-H) then propagates to the inner section of bond-line (A-D), which is also observed 
experimentally (Figure 14).
By increasing the thickness of the AL patches from 0.2 mm (Model-I) to 0.4 mm (Model-II), the total 
area under damage in the bond-line (A-D) increases in the AL side (Section-I) from 17.50% in Model-
I to 24.7% in Model-II, while the area under damage in the PPA side for Model-II decreased by 1.59% 
in comparison to Model-I (23.19%). The least difference between the peak  (as it is shown in τxy/τavg
Table 4) can explain the smaller asymmetrical behaviour of the SDEG for Model-II in bond-line (A-
D). 
In addition, the larger area of the overlap (E-F) with higher SDEG value is under damage for Model-II 
compared to other designs. However, increasing the thickness of the AL patches from 0.4 mm (Model-
II) to 0.8 mm (Model-IV) decreases the total area under damage in bond-line (A-D) in the PPA side 
from 21.6% in Model-II to 14.4% in Model-IV with a significant drop in SDEG value. 
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Figure 12: SDEG plot for dissimilar SLJs with different thickness of the AL patches at (a) Adhesive layer (A-D) and (b) 
Adhesive layer (E-F and G-H) under maximum failure load
As can be seen from Figure 13(a), by increasing the length of the AL patches, the crack initiation at the 
PPA side propagates at the inner section of the bond-line (A-D) without a noticeable change in the total 
area under damage in the bond-line (A-D). However, the total area under damage in bond-line (E-F) 
decreased significantly from 11.2% in Model-II to 4.8% in Model-V (Figure 13(b)). This can be 
explained by the significantly higher stress concertation at the bond-line (G-H) in comparison to the 
bond-line (E-F) for the longer AL patches. As can be seen from Figure 15, in Model-VII, the damage 
mostly develops in the bond-line (E-F) with only 22% of the bond-line (A-D) under damage, which is 
also observed experimentally. 
Figure 13: SDEG plot for dissimilar SLJs with different length of the AL patches at (a) Adhesive layer (A-D) and           
(b)Adhesive layer (E-F and G-H) under maximum failure load
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Figure 14: The (a) experimental and (b) numerical failure process of Model-II
Figure 15: The (a) experimental and (b) numerical failure process of Model-VII
5. Conclusion 
In this work, a novel design with interfacial stiffness improvement was developed to improve the 
strength and stress distribution of dissimilar single-lap joints. The interfacial modification was done by 
adding aluminium patches with different thicknesses and lengths to the interface of the lower stiffness 
adherend (PPA). Stress analyses using FEA was carried out to find the optimum designs based on the 
interfacial stress distribution. The experimental tensile tests were carried out for all modified dissimilar 
SLJs to find the effect of each parameter on the joints strength. Finally, the fracture process of each 
design was studied numerically and verified by the experimental results. The following observations 
have been found from the experimental and numerical results: 
 The stress distribution in the dissimilar SLJ is asymmetric with higher peak value toward the 
lower stiffness adherend. The peak shear stress at the end of the bond-line (A-D) of the novel 
dissimilar SLJs (Model-I, Model-II, Model-III and Model-IV) is significantly lower than that 
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of the unmodified SLJ (Model-0). This is attributed to the interfacial stiffness improvement of 
the ahferend with lower stiffness, which leads to higher global rigidity of the joint and a lower 
bending rotation. 
 In order to take the maximum advantage of this novel configuration, it is essential to assess the 
effectivity of using metal patches, including length, thickness. The stress analysis shows that 
the AL patch with 0.4 mm thickness and 5 mm length (Model-II) has the best performance with 
the least difference between the shear peak stress at the edges, which results in a significant 
reduction in the unsymmetric shear stress distribution. 
 The experimental results show that the proposed novel design provides a significant 
improvement in the performance of the dissimilar SLJ, which makes them significantly stronger 
than the conventional dissimilar SLJ design. However, increasing the thickness or length of the 
AL patches to achieve a higher failure load for the proposed dissimilar bonded joint is only 
effective within a limited range. The general trend shows that high performance could not be 
achieved when the ratio of the bond-line (A-D) length to the bond-line (E-F or G-H) length of 
the proposed dissimilar SLJ decreases. The worst performance is achieved when the ratio equals 
to 1. On the other hand, when the ratio of the adherend thickness to the thickness of the AL 
patches decreases from 15 to 7.5, the maximum failure load is improved slightly, but by 
decreasing the ratio furthermore to 5, the maximum failure load decreased significantly. 
 The SDEG plots show that the larger area of the over-lap (A-D, E-F and G-H) is under damage 
in the novel design of SLJs with a smaller thickness (Model-I and Model-II) of AL patches. 
Increasing the length of the AL patches does not change the total area under damage noticeably 
in bond-line (A-D) while the smaller percentage of damage develops in bond-line (E-F and G-
H) for the larger length of the AL patches. 
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